There is growing interest in using low-energy flash x-ray sources in radiographic applications to provide high-contrast images of low-density objects. Due to the low-energy nature of the detected photons, thin bright scintillators are desired. In order to pursue an optimum radiographic system, experimental studies have been performed of the static imaging properties of thin microcolumnar CsI using a Platts x-ray source. The Platts source is a nominally 300 keV endpoint rod pinch diode x-ray source with a ~35 ns pulse time. The source was used to measure the imaging properties of microcolumnar CsI with various thicknesses and backings. The experimental setup was modeled in GEANT4, and the images were simulated to estimate system performance. Taking into account the source photon production, radiation transport, and system optical performance, an accurate assessment of the detection system can be deduced.
INTRODUCTION
Dynamic radiographic capabilities for shock physics experiments to examine low areal density objects require a fast, pulsed soft x-ray source and a scintillator optimized for low-energy x-rays. The Platts Supersaver source 1 provides the ability for a 35 ns single-pulse x-ray source with a nominal end-point energy of 300-400 keV. Additional sensitivity to low-density objects can be achieved through reliance on the characteristic x-ray lines from the anode, such as a tungsten anode with a K-edge of 69.5 keV. This implies that the ideal scintillator would need to be sensitive to the continuous bremsstrahlung x-ray spectrum dependent upon the maximum voltage applied to the anode, and also the discrete x-ray line emissions from the anode material.
An ideal candidate for detection of low-energy photons is microcolumnar (μCol) thallium-doped cesium iodide (CsI:Tl). This material provides high brightness (54,000 photons/MeV) and high sensitivity to low-energy photons due to their thinness, and outputs an ideal emission spectrum for imaging (peak emission at 550 nm). Also, the microcolumnar growth on the CsI potentially contributes to higher resolution images by providing a waveguide for the light output through the columns.
Two CsI:Tl scintillators with different backings were examined to determine their imaging capabilities with the Platts Supersaver source. A 400 μm thick sample with graphite backing was compared to a 600 μm thick sample with a reflective backing. The reflective backing leads to a higher observed signal due to the increase in light collection from any given scintillation center. However, a loss in resolution is expected due to optical scatter.
EXPERIMENTAL SETUP
The CsI:Tl scintillators tested were 200 cm wide and 200 cm tall. The first was 600 μm thick with a reflective backing and the second was 400 μm thick with a graphite backing. The samples were tested using the Platts Supersaver flash radiographic source. The source contains a 35-stage Marx bank that is discharged in series with an approximate 35 ns pulse width. This produces a nominal end point energy of 300-400 kV for electrons impinging on the anode. Tungsten cylindrical anodes with tapered tips and diameters of 1.4 mm were used, which yields a measured spot size of 1.7 mm. The anode tip to upstream scintillator face distance was 41.6 cm. A 0.635 cm thick CuW edge was placed in the center of the beam spot with the upstream side of the edge 40.64 cm from the anode tip. This layout allowed an object magnification of 1.02.
The scintillation light was reflected off a pellicle placed 24.13 cm downstream from the scintillator angled at 45°. The light was then focused with an 85 mm Nikor lens stopped down in an f#4 configuration. This was connected to an Andor iKon-L 2048×2048 CCD array with a BEX2-DD chip. The field of view of the image at the scintillator was such that the pixel size imaged on the scintillator was 64 μm/pixel.
The data were compared to simulations performed with the GEANT4 modeling toolkit 2 . In order to estimate the beam energy spectrum, the Penelope low-energy photon model was used to simulate the bremsstrahlung production in the anode. Because of a lack of a current and voltage monitors, a steady-state current with a voltage of 300 kV was assumed in the simulation for the electron charge on the anode. The mono-energetic electrons were simulated in vacuum on the perimeter of a circle just above the tungsten anode, and then projected toward the center of the anode. The resulting photons that emerged were recorded downstream in a non-interacting phantom volume. This spectrum is shown in Figure 1 for a tungsten anode. The K-edge (69.5 keV) and L-edge (12.1 keV) resulting from atomic emission are observed in a continuous bremsstrahlung spectrum. The simulated beam energy spectrum was then transported in air toward the CsI scintillators. Both scintillators were mounted on 2 mm graphite backings, which were included in the simulation. The CuW edge was modeled and placed in the same geometry as the experimental setup. Each step's position and energy deposition was recorded in a ROOT 3 tree that was then post processed. The radiation interaction image was processed by creating a 2-D histogram that was binned at 10 μm/pixel to ensure proper sampling of the radiation effects. Each bin was then summed with all events of energy deposition in the bin. This created a 2-D image with units of MeV that is indicative of the radiation interaction portion of the radiographic image. The resulting image would then be proportional to the experimental image observed minus the optical blur that occurs in the scintillator and the blur due to the imaging system. 
RESULTS
The primary datasets used to analyze the scintillator performance are the edge spread function (ESF). A dense object is placed in a near contact position with the scintillator to achieve a magnification as close to 1 as possible. The ideal resulting image created would be a Heaviside function. This is not achieved in practice due to the experimental setup leading to scattered x-rays, optical aberrations in the light collection system, and finite pixel size of the digital imager. The derivative of the ESF is the line spread function (LSF), which can provide a metric of the scintillator resolution by determining the full width at half maximum of the peak. The final metric that is used for system performance is the modulation transfer function (MTF), which is the Fourier transform of the LSF.
In order to make a direct comparison of the simulation with the data, the MTF of the optical system was measured. An opaque glass target was illuminated with a flat panel green light. The glass was optically blocked in 3 quadrants so that only one quadrant was illuminated. This produced ESFs vertically and horizontally so that we could extract the MTF. The image was sampled in the same geometry and with the same optical setup. Using the optical MTF, the response of the system could be deduced by taking the product of the optical MTF with the simulated radiation induced MTF.
The data for the flat-fielded edge images of the CsI are shown in Figure 2 . Figure 2a shows the edge image of the 400 μm CsI, and Figure 2b shows the image of the 600 μm CsI. The dark side of the image is where the CuW edge was located to block the beam from directly interacting with the scintillator. An averaged collapsed lineout is taken horizontally across the images shown in Figure 2 to extract the ESF. The ESF for the 400 μm graphite backing CsI is show in Figure 3a . The simulation qualitatively compares well with the data. The measured resolution, FWHM of the LSF, of the 400 μm CsI is found to be 0.19 mm while the simulated resolution was 0.13 mm. This would indicate that optical blur of the imaging system is roughly equal to the radiation blur assuming that the total resolution of the system sums in quadrature. The long-range behavior (greater than 5 mm behind the edge) is tracked well by the Geant4 simulation, which would seem to indicate that the long-range tail is predominantly radiation induced with very little optical scatter in the CsI. The MTF is shown in Figure 3b . Accounting for the optical response of the system provides excellent agreement with the measured MTF of the 400 μm CsI at low frequency, with slight divergence at high frequency. Uncertainties in the source spectrum may account for the poor agreement at high frequency. The 600 μm CsI with a reflective backing ESF is shown in Figure 4a . As with the 400 μm data, there is a similar qualitative agreement observed with the data; however, the resolution is degraded due to the reflective backing on the scintillator. The measured FWHM of the 600 μm CsI was found to be 0.26 mm, but the simulation was 0.14 mm. The simulation indicates that the added 200 μm thickness for the CsI does not contribute to a large decrease in the resolution due to radiation scatter. However, the observed 36% degradation of the resolution in the data would seem to indicate that the addition of the reflective backing adds a significant amount of optical blur. The MTF is shown in Figure 4b . A clear divergence is observed starting at low frequency which is most likely attributed to the optical scatter in the CsI due to the reflective backing. The long-range behavior is tracked well; however, the resolution is decreased with the reflective backing which is not accounted for with the simulation. (b) The MTF data are shown, with MTF in black, the radiation interaction in dotted red, the measured optical contributions in the dotted blue line, and the product of the radiation interaction with the measured optical contributions shown in red. Divergence of the data and simulation would indicate that a source of blur was not accounted for which is mostly likely due to optical scatter in the scintillator due to the reflective backing.
